Modified graphitic C 3 N 4 was synthesized by the ionothermal copolymerization method and composited with BiOBr by waterbath heating. The microstructure, specific surface area, photocatalytic activity and optical property of the resulting hybrid photocatalysts were characterized. The results showed that layered BiOBr was formed on the surface of modified graphitic C 3 N 4 nanoparticles. The modified graphitic C 3 N 4 /BiOBr hybrid photocatalysts had a higher specific surface area than that of BiOBr and show a broad response range under visible light. The synergetic effect between the two semiconductors was more favorable for the separation of electronhole pairs. Rhodamine B solution can be effectively degraded using the hybrid photocatalysts. When the weight ratio of modified graphitic C 3 N 4 in the hybrid photocatalyst was up to 50%, the photocatalyst showed the best activity. Photocurrent testing indicated that the recombination of photo-generated electronhole pairs was inhibited. The photocatalyst showed a good stability by a cycling experiment.
Introduction
Semiconductor materials are becoming one of the most promising "green" materials. 1) Many functional semiconductor photocatalysts have been developed for solar-energy utilization and applied in many fields, such as water splitting and photodegradation of organic pollutants.
2)4) Graphitic carbon nitride (g-C 3 N 4 ), a new kind of graphene-like 2D material, has been explored as a promising candidate for new energy resources, organic pollutants photodegradation and bioimaging. Its unique semiconductor band structure, excellent chemical stability, high temperature stability and cheap raw materials make g-C 3 N 4 having a broad application prospect in the field of photocatalysis. 5)9) However, a high recombination rate of photo-generated electronhole pairs and a low absorption intensity of visible light ( > 450 nm) limit the applications of g-C 3 N 4 , which was then modified with metallic elements, doped with non-metallic elements or composited with semiconductors to overcome these defects and improve the photocatalytic performance.
10)13)
Recently, barbituric acid and dicyandiamide were used as a co-precursor to prepare modified g-C 3 N 4 (denoted as mg-CN), in which the ring nitrogen was substituted with carbon and an extended delocalization ³-conjugated system was formed. Thus, an enormous promotion of visible-light absorption region (up to 750 nm) was realized. 14) In our previous work, this copolymerization method using organic precursors led to agglomeration of products and weakened the two dimensional layered character of g-C 3 N 4 , which is not good for the transport of electronhole pairs to surface and the reaction with organic pollutants. Graphitic C 3 N 4 was prepared using ionothermal copolymerization and had good crystallization, which is useful for the separation of electronhole pairs. 15) We optimized the ionothermal copolymerization procedure and prepared porous, layered modified g-C 3 N 4 . The photocatalytic degradation of RhB under visible light shows the best photocatalytic ability of the as-prepared sample when the weight of barbituric acid is 0.52 g and the dicyandiamide is 2 g, because it has the best (C 3 N 4 ) x -(C 7 N 7 ) y equilibrium and no severe agglomeration. The photocatalytic property of the sample is stable according to four runs recycle experiment. 16) However, this modified g-C 3 N 4 cannot degrade Rhodamine B (RhB) solution totally and the degradation efficiency should be improved. Therefore, much effort should been made to explore modified g-C 3 N 4 nanocomposites with high photodegradation efficiency.
BiOBr, a semiconductor with high visible light efficiency, has excellent chemical stability and transport capability as a photogenerated carrier due to its intrinsic dipole moment.
15) The band gap of BiOBr is ³2.7 eV, 17) which is close to that of g-C 3 N 4 . However, the conduction band of BiOBr is 0.22 eV vs. NHE, which is not negative enough to activate molecular oxygen (¹0.046 eV vs. NHE).
18) Therefore, the visible light cannot be utilized effectively due to a high band gap of BiOBr, resulting in a high recombination rate of photo-generated electronhole pairs, which limits its photocatalytic application.
In our previous work, we prepared the modified g-C 3 N 4 with excellent visible light absorption. 16) The results show that the visible light absorption of mg-CN can be greatly improved by optimized ionothermal copolymerization, which can increase the scope of visible light absorption up to 750 nm. Although g-C 3 N 4 / BiOBr hybrid photocatalysts have been studied, the performance of this hybrid photocatalysts was limited by the low ability and small range of visible light absorption.
18) The synergetic band structures of BiOBr and mg-CN will provide a channel to transfer electronhole pairs and improve the separating efficiency. Here, we propose to synthesize modified g-C 3 N 4 /BiOBr hybrid photocatalysts with high visible-light absorption intensity. The hybrid photocatalysts containing different weight ratios of mg-CN were synthesized using a simple water-bath heating method. The microstructure, specific surface area, photocatalytic activity and optical property of the hybrid photocatalysts were characterized.
Experimental

Synthesis of photocatalysts
All chemicals were used without further purification. The mg-CN samples were synthesized by thermal treatment of completely mixed powders composed of 2 g dicyandiamide, 4.5 g lithium chloride (LiCl), 5.5 g potassium chloride (KCl) and 0.52 g barbituric acid in a tube furnace under N 2 atmosphere. In details, the mixed powders were heated to 400°C for 6 h, then heated to 570°C for 12 h with a heating rate of 7°C /min. The resultants were ground and then washed with distilled water four times to remove residual salts, then dried at 70°C for 24 h.
Bi(NO 3 ) 3 ·5H 2 O (0.2 g) was dissolved in 50 mL distilled water. Concentrated nitric acid (65%) was applied to tune the pH value to 2.5. The solution was dropped into a suspension, in which mg-CN and CTAB were dispersed in 50 mL distilled water, stirred at 80°C for 3 h, cooled, washed using distilled water and ethanol, then dried at 80°C for 24 h. The hybrid photocatalysts containing different weight ratios of mg-CN were then obtained, denoted as x%mg-CN/BiOBr. Pure BiOBr was synthesized using the same procedure without mg-CN for comparison.
Characterizations
The samples were characterized by powder X-ray diffraction (XRD) on a Rigaku D/max2500 X-ray diffractometer for monochromatized Cu K¡ ( = 1.5406 ¡) radiation. The XRD data were collected with a scanning speed of 8°/min in the 2ª range from 5 to 90°. Transmission electron microscopy (TEM) images were obtained by JEM-2100 (JEOL) electron microscope. The microcrystalline structure and surface characteristics of the photocatalysts were observed by field-emission scanning electron microscope (FE-SEM, JEOL, JSM-7001F). Specific surface areas and pore structures were probed by measuring volumetric N 2 adsorptiondesorption isotherms at liquid nitrogen temperature, using a NOVA 3000e instrument (Quantachrome, USA). The samples were degassed at 120°C for 3 h under vacuum before measurements. Fourier transformed infrared (FTIR) spectra were obtained using an AVATAR 370 (Nicolet) spectrometer between 4000 and 450 cm
¹1
. UVvis spectra were obtained on a Shimadzu UV-2450 spectrophotometer using BaSO 4 as a reference. Photocurrent-time measurements were performed on an electro-chemical analyzer (CHI760D, CHI Shanghai, Inc.) in a standard three-electrode configuration with a Pt wire as a counter electrode and calomel electrode (in saturated KCl) as a reference electrode. Irradiation was proceeded with a Xe arc lamp. Na 2 SO 4 (0.1 M) aqueous solution was used as an electrolyte. The working electrode was prepared as follows: 10 mg ground sample was mixed with 3 mL solution to make a slurry. The slurry was then dispersed onto an ITO glass electrode with an area (1 cm © 2 cm) and subsequently at 50°C for 12 h.
Photocatalytic activity studies
The activity of the photocatalysts was tested by the degradation reaction of RhB aqueous solution (10 mg/L) under the irradiation of a XQ 350 W xenon light lamp with a 420 nm cutoff filter providing visible light irradiation. Typically, 100 mg catalyst powders were added into 100 mL of the above RhB solution in a quartz tube. Prior to irradiation, the suspensions were magnetically stirred in the dark for 1 h to establish an adsorption desorption equilibrium between RhB solution and the catalyst. At irradiation time intervals of 1 min, 5 mL suspensions were collected and centrifuged to remove the particles. The RhB concentrations were monitored at 553 nm using a UVvis spectrophotometer during the photodegradation process. If the peak at 553 nm of organic pollution was moved, the shifted peak as characteristic peak was recorded.
Results and discussion
The XRD patterns of all samples are shown in Fig. 1 . Two diffraction peaks can be found at 13.1 and 27.4°of the pure mg-CN, which can be indexed to (100) and (002) diffraction planes, ascribed to the inner-plane packing and the characteristic interlayer structural stacking peaks of the aromatic systems, 5) respectively. The peak intensity at 13.1°of mg-CN is weaker than that of g-C 3 N 4 synthesized using only dicyandiamide, indicating that the aromatic rings of barbituric acid were grafted with the tri-striazine units of g-C 3 N 4 . The stacking characteristic in plane of tri-s-triazine unit is weakened when the copolymerization of barbituric acid and dicyandiamide is heated at high temperature. All peaks of tetragonal BiOBr corresponded to JCPDS 73-2061. 19) With increasing content of BiOBr in the hybrid photocatalyst, the characteristic peaks of BiOBr are gradually increasing in intensity.
Figures 2(a) and 2(b) show the morphology of mg-CN and BiOBr, respectively. It can be found that mg-CN displays a loose and porous microstructure [ Fig. 2(a) ]. 16 ) The combination of mg-CN and BiOBr supplies sites to form a heterojunction. The photogenerated electrons and holes of one semiconductor are transferred to the surface of the second JCS-Japan semiconductor through the heterojunction. This electronic transmission path contributes to the decrease of combination of electronhole pairs. Figure 3 shows the FT-IR spectra of the samples in the wavelength range of 4504000 cm
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. Modified g-C 3 N 4 has strong absorption peaks at 810, 12621641 and 2161 cm
. The band at 810 cm ¹1 is characteristic for tri-s-triazine. 20) The band at 1641 cm ¹1 corresponds to the stretching vibration of CN. The bands located in the range of 12621570 cm ¹1 are contributed to the typical stretching modes of CN heterocycles. 21) In addition, the band at 2161 cm ¹1 is attributed to the CÔN band stretching vibration modes, 22) indicating a deformation of CN heterocycles induced by high temperature treatment with LiCl/KCl. The band at 510 cm ¹1 corresponds to the symmetrical stretching vibration of BiO. 23) When the content of BiOBr in hybrid photocatalyst increases, the strength of absorption peak at 510 cm ¹1 increases, and the strength of absorption peak at 810, 12621941 and 2161 cm ¹1 decreases. The light absorption properties of the as-prepared samples were characterized by UVvis diffuse reflectance spectroscopy. Figure 4 displays that mg-CN has the best visible light absorption capability. With increasing content of BiOBr, the visible light absorption capability of hybrid photocatalyst decreases. BiOBr has low visible light (>450 nm) absorption capability and small absorption boundary, which is not good for the photocatalytic reaction under visible light. The light absorption capability of the hybrid photocatalysts (the weight content of mg-CN is 30, 50 and 70%, respectively) is similar. However, the light absorption boundary of 30 wt.%mg-CN/BiOBr is obviously smaller than that of 50 wt.%mg-CN/BiOBr and 70 wt.%mg-CN/BiOBr. The UVvis diffuse reflectance spectroscopy (Fig. 4) indicates that ionothermal copolymerization does bring an excellent light absorption property for mg-CN, leading to an improved activity of the hybrid photocatalysts. N 2 sorption isotherms of the samples exhibit classical type IV (Brunauer Deming Deming Teller classification) with an obvious H3 hysteresis loop (Fig. 5) , indicating the presence of mesopores. 24) 26) The corresponding pore size distribution curves are determined from the desorption branches using Barret-JoynerHalender method (inset in Fig. 5 ). Modified g-C 3 N 4 has the largest specific surface area (105.72 m 2 /g). With increasing the content of mg-CN in the hybrid photocatalyst, their specific surface area increases. The pore size of the hybrid photocatalyst is ³19 nm, which is similar to that of mg-CN. The pore size of BiOBr is distributed at 19.07 and 60.35 nm, which means that there are mesopores and macropores in BiOBr. It is speculated that small mg-CN particles are filled in macropores of BiOBr, which leads to decrease the macropore number of the hybrid photocatalysts. Compared with the g-C 3 N 4 nanosheets-BiOBr hybrids, 27) the BET surface area of mg-CN is approximately half of that because the g-C 3 N 4 nanosheets have a thinner 2D structure. However, it also brings an obvious quantum size effect, leading to a blue shift of light absorption boundary. Our work would be a new way to solve this problem, which is the contradiction of enlarging surface area and increasing light absorption ability existing in g-C 3 N 4 nanosheets.
Degradation experiments of RhB using mg-CN, BiOBr and hybrid photocatalysts were also performed, as shown in Fig. 6(a) . The samples 30 wt.%mg-CN/BiOBr, 50 wt.%mg-CN/BiOBr and 70 wt.%mg-CN/BiOBr can totally degrade RhB solution in 6 min, which is almost half of the time that the protonated g-C 3 N 4 / BiOBr needs to degrade RhB. 28) However, the degradation capability for RhB is not very good when the weight ratio of mg-CN is 10 and 90%. It can be concluded that the degradation capability of hybrid photocatalysts for RhB can be improved and tailored in a large weight ratio scope of mg-CN. The relationship diagram between RhB degradation efficiency and the light irradiation time is shown in Fig. 6(b) . The sample 50 wt.%mg-CN/ BiOBr has the largest k value, which is 0.5797 min
. When the doping content of mg-CN is larger or smaller than 50% in the hybrid photocatalyst, the k value decreases. The samples 30 wt.%mg-CN/BiOBr, 50 wt.%mg-CN/BiOBr and 70 wt.%mg-CN/BiOBr have different k value, but they can totally degrade RhB solution in 6 min because of the corroborated effect of the excellent visible light absorption capability of mg-CN and the appropriate matching band gap of BiOBr. When the content of mg-CN in the hybrid photocatalyst is 30%, the visible light absorbed dose of the hybrid photocatalyst is not too much. The photogenerated electronhole pairs are transferred through the heterojunction to the surface of BiOBr, quickly separate and form the actives involving in the redox reaction with RhB molecule. When the content of mg-CN in hybrid photocatalyst is 70%, mg-CN is enough to improve the visible light absorption capability of the hybrid photocatalyst. Meanwhile, synergetic effect between mg-CN and BiOBr separates and transfers the photogenerating electronhole pairs. These are able to degrade RhB solution in 6 min. The sample 50 wt.%mg-CN/BiOBr has the best k value, which means that when mg-CN is composited with the appropriate content of BiOBr, the generated capability and the transporting capability of the electronhole pairs excitated by light reaches the optimized matching and the largest utilization. The best coordination can be formed when the weight ratio of mg-CN in hybrid photocatalyst is 50%.
The stability of the photocatalytic property was measured by a recycled experiment of photodegrading RhB solution catalyzed by 50 wt.%mg-CN/BiOBr. In the cycle experiment, 100 mg of catalyst powders were added into 100 mL of the above RhB solution in a quartz tube. Prior to irradiation, the suspensions were magnetically stirred in the dark for 1 h to establish an adsorptiondesorption equilibrium between RhB and the catalyst. After irradiating for 6 min, 5 mL suspensions were collected and centrifuged to remove the particles. The RhB concentrations were monitored at 553 nm during the photodegradation process using a UVvis spectrophotometer. If the peak at 553 nm of organic pollution was moved, the shifted peak as a characteristic peak was recorded. The recovered photocatalyst was centrifuged, washed and dried. Then, the photocatalyst was weighed again, added the lost portion and used for the next run. In Fig. 6(c) , the photocatalytic activity of 50 wt.%mg-CN/BiOBr shows no apparent deactivation (the degradation ratio is close to 100%) after 4 successive recycles for the degradation of RhB under visible light irradiation, revealing that the photocatalyst possesses a good stability. The possible transporting process of the electron hole pairs is shown in Fig. 7 To demonstrate the separation and migration efficiency of photogenerated carriers between mg-CN and BiOBr, we performed the transient photocurrent responses via repeated on/ off visible light irradiation cycles of mg-CN, BiOBr and 50 wt.% mg-CN/BiOBr. As shown in Fig. 8 , the transient photocurrent intensity of 50 wt.% mg-CN/BiOBr is obviously higher than that of mg-CN and BiOBr, indicating that the amount of photoelectrons in 50 wt.% mg-CN/BiOBr is larger than those in mg-CN and BiOBr. The photogenerated electrons and holes are transferred through the heterojunction, leading to a decrease in the recombination probability. Due to the large specific surface area, the hybrid photocatalysts can provide more possible sites for photocatalysis, which can make the electrons and holes participate in reaction timely. This can also decrease the recombination probability of electrons and holes.
Conclusions
In this work, we successfully synthesized a hybrid photocatalyst from modified g-C 3 N 4 and BiOBr. The modified g-C 3 N 4 was synthesized by an optimized ionothermal copolymerization method and composited with BiOBr by water-bath heating. XRD measurement shows that the peak intensity and the peak shape of the hybrid photocatalyst changes with different contents of the modified g-C 3 N 4 and BiOBr. SEM and TEM show that the modified g-C 3 N 4 nanoparticles are attached to the BiOBr flakes. FTIR spectra indicate that the hybrid photocatalysts contain the main functional groups of C 3 N 4 and BiOBr. With the increasing content of C 3 N 4 , the specific surface area of hybrid photocatalysts increases. The pore size of hybrid photocatalysts is similar to that of the modified g-C 3 N 4 . The visible light absorption capabilities of hybrid photocatalysts increase with increasing content of modified g-C 3 N 4 . The results indicate that ionothermal copolymerization may be a new way to solve the contradiction of enlarging surface area and increasing light absorption ability of g-C 3 N 4 nanosheets. The hybrid 50 wt.%mg-CN/BiOBr has a large electronhole separation and migration efficiency than mg-CN and BiOBr. The sample 30 wt.%mg-CN/BiOBr, 50 wt.%mg-CN/BiOBr and 70 wt.%mg-CN/BiOBr has the similar light absorption capabilities and can totally degrade RhB under visible light in 6 min. The hybrid 50 wt.%mg-CN/BiOBr has the best k value. The largest synergistic effect can be formed when the weight ratio of mg-CN in hybrid photocatalyst is 50%. The photocatalytic activity of 50 wt.%mg-CN/BiOBr has no apparent deactivation (the degradation ratio is close to 100%) after 4 successive recycles for the degradation of RhB under visible light irradiation, revealing that the photocatalyst possesses a good stability. 
